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Abstract 

We discuss low-energy and collider constraints on the effective couplings characterizing 
non-standard charged current interactions. A direct comparison of low-energy and LHC 
probes can be performed within an effective theory framework, when the new physics me- 
diating these interactions originates in the multi-TeV scale. We find that for the effective 
couphngs involving right-handed neutrinos the LHC bounds from pp ^ e -\- MET -\- X 
are at the (sub)percent level, already stronger than those from (3 decays. For operators 
involving left-handed neutrinos, the (axial-)vector and pseudo-scalar effective couplings 
are best probed at low energy, while scalar and tensor couplings are currently probed at 
the same level by beta decays and the LHC channels pp ^ e + MET + X and, by using 
SU(2) gauge invariance, pp — >■ e'^e'+X. Future beta decay experiments at the 0.1% level 
or better will compete in sensitivity with higher statistics and higher energy data from 
the LHC. 
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1 Introduction 

Beta decays have played a central role in determining the V — A structure of charged 
current (CC) weak interactions and in shaping what we now call the Standard Model 
(SM) [H [2]. Nowadays, precision beta-decay measurements with neutrons, nuclei, and 
mesons [2] can be used to probe the existence of non-standard CC interactions that 
would induce effective violations of Cabibbo universality and lepton universality, and 
distinctive non-V-A signatures in the decay spectra and correlations. 

Low-energy CC processes are sensitive to many classes of SM extensions and various 
mechanisms (tree level mediation by novel vector or scalar bosons, vertex corrections, box 
diagrams, etc) [3]. For example, for recent discussions of supersymmetric contributions 
see Refs. |H |5]. More generally, the new physics reach of low-energy beta decays can 
be studied in a model-independent way within an effective field theory (EFT) setup, in 
which the dynamical effects of new heavy BSM degrees of freedom are parameterized by 
local operators, built with SM fields, and of dimension higher than four. In this sense, 
0.1% level (or better) beta decay measurements provide "broad band" probe of BSM 
interactions, enforcing powerful low-energy boundary conditions on virtually any SM 
extension at the TeV scale, currently probed at the Large Hadron Collider (LHC). 

In this letter we wish to compare the new physics reach of low-energy beta decay 
measurements and pp collisions at the LHC in constraining non-standard CC interactions. 
Such a comparison is in principle model-dependent, since it requires knowing the detailed 
dynamics of the SM extension. However, if the particles that mediate the new interactions 
are above threshold for production at colliders, then the EFT analysis is valid at collider 
energies and a direct comparison of low-energy and collider constraints can be performed. 

Working in the latter scenario, we present in Section |2] the complete set of SU{2) x 
f/(l)-invariant operators that contribute to CC processes, involving the SM fields and 
right-handed singlet neutrinos. We then discuss the evolution of the effective Lagrangian 
down to hadronic scales and the matching to a nucleon- level effective theory. In Section [3] 
we summarize the current bounds from low-energy and briefly discuss the reach of future 
beta decay experiments. In Section|4]we compute the bounds on non-standard interactions 
arising from the processes pp ^ e + MET + X and pp — )■ e~^e~ + X at the LHC, and 
show that the combination of low-energy and LHC searches provides a much stronger 
set of constraints on non-standard CC interactions. We present our final comments in 
Section HI 

2 EFT Analysis of Charged Current Processes 
2.1 Weak-scale Operator Basis 

The building blocks to construct gauge-invariant local operators are the gauge fields 
G^, W;, 5^,correspondingto5f/(3)x5f/(2)iXf/(l)y,the six fermionic gauge multiplets 



3 



(now including a singlet right-handed neutrino state), 



) «^ = «k d^ = d^R i'=[ ;f ) = e'n = , (2-1) 



the Higgs doublet (p 



and the covariant derivative 



^0 ) , (2.2) 



D.^Id^- igsY^t - ig^K - . (2.3) 

In the above expression A"^ are the SU{3) Gell-Mann matrices, cr" are the SU{2) Pauli 
matrices, gs,g,g' are the gauge couplings and Y is the hyper charge of a given multiplet. 

The minimal and complete set of dimension-six operators contributing to low-energy 
semi-leptonic charged current processes can be divided into two groups (operators involv- 
ing the singlet u are displayed on the right columns below). 
Four-fermion operators: 

off = {ll^an){q-f^a''q) 0,,ud = {ei^^^) (uj^d) + h.c. (2.4a) 

0,de = (ie) (dq) + h.c. Og„, = (iu) (uq) + h.c. (2.4b) 

Oiq = {lae)e''\q!,u) + h.c. = {lau)e''\qbd) + h.c. (2.4c) 

Oj, = {U^''e)e-\q,a,,u) + h.c. Ol = {ka^^ y)e^\q,a ,,d) + h.c. (2.4d) 



= i{ip^eD^ip){V-f''e) + h.c. (2.5a) 

(2.5b) 
(2.5c) 

Denoting with Aj the effective dimensionful coupling associated with the operator Oj, 
we can write the effective Lagrangian as 

= >CsM + J] ^ £sM + ^ 5^ «i 0^ , With «^ = ^ , (2.6) 

i ' i * 

where in the last step we have set the correct dimensions by the Higgs VEV v = (99°) = 
(2-\/2G'f)~^^^ and defined the dimensionless new-physics couplings cki, which in general 
are matrices in both quark and lepton flavor spaces. 



Vertex corrections : 

O^^ = i{ip'^eDi^(p){u-f'^d) + h.c. 
O^^^ ^i{cp''D^a''cp){q^,ay) +h.c. 
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2.2 Low- scale Effective Lagrangian 

In this framework one can derive the low-scale 0(1 GeV) effective Lagrangian for semi- 
leptonic transitions. It receives contributions from both l^-exchange diagrams (with mod- 
ified W^-fermion couplings) and the four-fermion operators. This matching procedure leads 
to 



cc 



[ (l + ej) 67,(1 - l^)vi ■ uY{l - 75)ci (2.7) 
+ ez, 67,(1 + 75)z/£ ■ M7''(l - 75)(i 

+ eR 67^(1 -75)z/^-M7^(l + 75)(i + 67^(1 + 75)//^ ■ m7^(1 + 75)^ 

+ es e(l - 75)1/^ ■ wrf + is e(l + 75)1/^ ■ wrf 

- ep e(l - 75)z/^ ■ M75(i - ip e{l + 5)1^1 ■ u-f^d 

+ ct ea^^{l - 75)i^£ ■ ua^'^il - 75)^ + ir ea^^{l + '-f^)vi ■ ua^''{l + 75)^ . 

Here e, m, d denote the electron, up- and down-quark mass eigenfields, while vi represents 
the neutrino flavor fields, with in general £ 7^ e. In what follows, we suppress lepton flavor 
indices. Whenever observables involving neutrinos are considered, a summation over the 
(unobservable) neutrino flavors is assumed. The non-standard effective couplings ej and 
li are given in terms of the weak-scale couplings otj as follows 

= 4"' +4"" fi = -a;; (2.8a) 

Vud Vud 

= -2!^^^ (2.8c) 

Vud 

- — T} — 77 

Vud Vud 
Vud Vud 

es + ep = -2!^ 6~. + ep = -2l%^ (2.8f) 

Vud Vud 

.r^-^f^ ^.^!^. (2.8.) 

Vud Vud 

In the above matching conditions V denotes the CKM matrix, and the quark family 
indices "11" are explicitly displayed. The a coefficients are defined in a fiavor basis where 
both the down-quark and charged lepton Yukawa matrices are diagonal. 



^We split the correction to the SM operator into a vertex correction e)^' and a contact correction 
e'f^ originating from a four-fermion weak scale operator. In the vertex correction e^"'' we include both 
linear and quadratic new physics effects. 
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We note here that while the physical amplitudes are renormalization scale and scheme 
independent, the individual effective couplings es,p,T {^s,p,t) and the corresponding 
hadronic matrix elements can display a strong scale dependence. Throughout the paper, 
we will quote estimates and bounds for the (q) at the renormalization scale /x = 2 GeV 
in the MS scheme. 



2.3 Nucleon-level effective couplings 



The quark-level effective Lagrangian (2.7) can be matched onto a nucleon-level ef- 



fective Lagrangian by computing the one-nucleon matrix elements of all quark bilin- 
ears. To leading order in momentum transfer one has {p\urd\n) = ippTipn with 
r = 1, 75, 7^(75, 0"^!!/, and one then recovers the Lee- Yang ^ effective Lagrangian. 
The Lee- Yang effective couplings Cj, C[ {i G {V,y4, S", T}) can be expressed in terms 
of our parameters as 

Q = ^KdQ (2.9a) 

Cv = gvil + eL + eR + h + iR) (2.9b) 

Clr = gy{l + eL + eR-iL-iR) (2.9c) 

Ca = -9A{l + eL-eR-eL + iR) (2.9d) 

C'a = -gA{l + eL-eR + iL-iR) (2.9e) 

Cs = 9sies + is) (2.9f) 

C's = 9s {es - ~es) (2.9g) 

Cp = gp (ep - ep) (2.9h) 

C'p = gp (ep + ip) (2.9i) 

Ct = Agr (er + er) (2.9j) 

C't = 4gT (eT-ir) • (2.9k) 

Using these relations and the results of Ref. ^ one can work out the dependence of 
neutron and nuclear beta decay observables on the short-distance parameters and 

The vector charge (^y = 1 up to tiny second-order isospin-breaking corrections. First 
principle calculations of gA,s,p,T are nowadays possible with lattice QCD (LQCD). The 
status of LQCD calculations of these charges is critically reviewed in |8J, where the first 
estimate of gs from LQCD was provided. For the axial coupling gA, the upshot is that 
different calculations give results in the range 1.12 < gA < 1.26, with errors much larger 
than the one achieved in the experimental determination [9] . New lattice analyses of the 
scalar and tensor charge have been recently performed. Ref. [8] reported gs = 0.8±0.4 and 
gT = 1.05 ±0.35 in the MS scheme and at /i = 2 GeV, where the uncertainties include an 
estimate of all the systematic effects (volume, lattice spacing, and chiral extrapolations). 
More recently Ref. provided improved results for the scalar and tensor charges, 
gs = 1.08 ± 0.28 and gp = 1.038 ± 0.011, with uncertainty associated with statistics and 
chiral extrapolation. These results, however, do not include an estimate of the systematic 
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error associated with finite volume and finite lattice spacing extrapolations. Therefore, 
in what follows we will still use the results of Ref. [8j as baseline lattice results. 



3 Low energy bounds 



The couplings and appearing in the Lagrangian (2.7) have been traditionally con- 
strained through low-energy probes, such as decays of the pion, the neutron, and nuclei. 
Detailed analyses of these low-energy bounds can be found in Refs. [31 El [HI |8]. Here we 
present a brief survey of current and future constraints using the notation introduced in 
the previous section. 

The ten non-standard couplings can be divided in two classes: the ea that involve 
L-handed neutrinos, and the that involve R-handed neutrinos. The ep appear in decay 
rates and distributions either quadratically or multiplied by the small factor my/Ei, 
(through interference of the SM and BSM couplings). On the other hand, the ea couplings 
contribute to decay rates to linear order without any suppression. As a consequence, the 
low-energy bounds on the e's will be stronger than the bounds on the e's. 

Experiments constrain the products of hadronic matrix elements and quark-level NP 
couplings ei and or linear combinations of these products. The confidence intervals on 
the ei and q are obtained using the so-called R-Fit method [12], which assumes that the 
matrix elements are bound to remain within allowed ranges determined by the analytical 
or numerical calculations]^ We now discuss in turn the low-energy bounds on the e's and 
e's, and summarize the results in Tables [5] and [6j 

Vector and axial couplings: The combinations (e^ ± e^j) affect the overall nor- 
malization of the effective Fermi constant in processes mediated by the vector and 
axial- vector current, respectively. The hadronic matrix elements of the vector current are 
known very precisely through QCD flavor symmetry considerations (SU(2) and SU(3)), 
while the axial-vector matrix elements require non-perturbative calculations. Therefore, 
while the combination (e^ — e^) remains relatively poorly unconstrained, (e^ + e^) is 
strongly constrained by quark-lepton universality tests (or CKM unitarity tests) 
that involve a precise determination of Vud and Vus from processes mediated by the 
vector current (such as 0+ — ?■ 0^ nuclear decays and K — )■ vrfz/). Assuming that one 
operator at the time dominates, CKM unitarity constraints impose severe bounds on 
■> ^'^L 1 ^R- The bound on the vertex correction e^'* is comparable to the one obtained 
by Z-pole observables [11], while the bounds on e)^ and are stronger than from any 
other source. Independent handles on are not possible because neutron and nuclear 
correlation decay experiments are only sensitive to the combination (1 — 2eR)gA/ Qvi 
so that disentangling requires precision measurements of (1 — 2eR)gA/gv and pre- 
cision calculations of Qa/ Qv in LQCD, which are not yet at the required sub-percent level. 

^In the case at hand the relevant ranges are 0.4 < 55 < 1.2 and 0.7 < (?t < 1-4 for the nucleon matrix 
elements [8j and 0.20 < /t < 0.28 for meson form factor appearing in the radiative pion decay [13]. 
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Pseudoscalar coupling: The effective pseudoscalar coupling ep contributes to leptonic 
decays of the pion vr — > lu^. Strong constraints are implied by the helicity-suppressed 
ratio Rt, = T{n — > eh'['j])/T{n — )■ /iz/[7]) [m [151 [16] , assuming that the coupling ep is in- 
dependent of the lepton masses (in particular that they do not satisfy e^p /me = e^p^ /rrif^). 
Even after taking into account possible cancellations between flavor diagonal and non- 
diagonal contributions one obtains the strong bound reported in Table [s] (for details see 
0). 

Scalar and tensor couplings: The scalar and tensor couplings and contribute 
to linear order to the Fierz interference terms in beta decays of neutrons and nuclei, 
and to the neutrino-asymmetry correlation coefficient B in polarized neutron and nuclear 
decays. Because of the peculiar way in which the Fierz interference term appears in many 
asymmetry measurements, bounds on and can also be obtained by observation of the 
beta-asymmetry correlation coefficient A, electron-neutrino correlation a, and positron 
polarization measurements in various nuclear beta decays. Currently, the most stringent 
constraint on arises from the Fierz interference term in 0^ — ?■ 0^ nuclear beta decays 
(—0.001 < gs^s < 0.0032 at 90% CL) [17], while the strongest constraint on arises 
from a Dalitz-plot analysis of the radiative pion decay vr — )■ ez/7 [THlCLSj (—2.0 x 10"'' < 
erfr < 2.6 x 10"^ at 90% CL). 

Moreover, as discussed in Refs. fl9[ [201 [2T] and summarized in [8], there are also 
potentially very strong constraints on es,T from R^, = T{n — )■ ez/[7])/r(7r — )■ /iz/[7]), due 
to operator mixing: once a scalar or tensor interaction is generated by new physics, SM 
radiative corrections will generate an effective pseudoscalar operator that mediates the 
helicity-suppressed modes. Numerically, the bounds are at the level of |e5| < 8 x 10~^ 
and lerl < 10~^, almost as strong as the "direct" bounds discussed above. It is important 
to keep in mind, however, that if the flavor structure of the SM extension is known, this 
constraint could be the strongest. 

In the future, 10~^-level measurements of the antineutrino asymmetry in neutron 
decay [221 123] , and the Fierz interference term in neutron decay [2U [23] and in the pure 
Gamow- Teller decay of ^He [26| will probe in the 5 x 10^"^ range. 

Couplings involving R-handed neutrinos (ia)'- Neglecting neutrino masses, all the 
e/3 couplings contribute to decay rates incoherently with the SM, i.e. oc |e^p. Detailed 
expressions of the contributions to neutron and nuclear beta decay correlation coefficients 
can be found in [27] (one needs to re-express the Lee- Yang couplings in terms of the 



and e/3 using Eqs 2.9 above). The corresponding bounds can be obtained from the analysis 
of Ref. [2], in particular from the fits to beta decay data allowing for non-zero e^, only, 
implying \eL ± e_R,| < 0.06, and is, ex only, implying \gsis\ < 0.06, Igrirl < 0.02 at 90% 
CL. 

The ratio of leptonic pion decay rates i?^ = r(7r — > eh'['y])/T{n — )■ /iz/[7]) is a very 
sensitive probe of the pseudoscalar coupling ip and through operator mixing can also 
constrain is, ir- Assuming possible cancellations between ep and ip (see discussion in 
Ref. with the replacement ep — )■ Cp), one obtains \ip\ < 2.8 x 10~^. The mixing 
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constraint can be worked out by using the three-operator mixing results from Ref. 
namely: |^ 

ep(/i) = ep(A) ( 1 + 7pp log - ) + isiA) ^gp log - + er(A) 7tp log - (3.1a) 

7PP = ^ + ^ 8.6 X 10-3 3.1b 
4 vr 144 vr 

75P = 4— ~ 0-6x10-3 (3.1c) 

lb TT 

= ^22 +4.4X10- . (3.1d) 

/ TT O TT 

where ai = a/ cos"^ 9w and 0^2 = a/ sin^ 9w are the U{1) and SU{2) weak couplings, 
expressed in terms of the fine-structure constant and the weak mixing angle. Setting 
ep(A) = and neglecting the small 0(a/7r) fractional difference between es^T{-A) and the 
observable is^rifJ^) at the low scale, the 90% C.L. constraint on the is-ix plane reads 

I 0.6 €5 + 44.2 irl < , "'f , , . (3.2) 

log(A//i) 

Assuming log(A/yu) ~ 10 (e.g. A ~ lOTeV and fi ~ IGeV), we get |es| < 5 x 10"^ 
and lerl ^ 0.6 x 10-^^ which are the strongest low-energy bounds on the e's couplings. 
However, given the dependence of these results on assumptions about the flavor structure 
of the couplings, we do not report these bounds in Table [6j It is worth pointing out that 
the LHC bound on is derived in the next section and shown in Table |6] is a factor four 
stronger than this bound from R.^. 



4 Collider bounds 

Collider searches can also probe the various non-standard couplings and defined 
above. In Ref. [8] bounds were derived on es^r by analyzing LHC data in the pp — )■ 
e -|- MET + X channel at ^/s = 7 TeV and 1 fb"^ integrated luminosity. Here we extend 
the analysis to all non-standard charged-current couplings and we consider bounds from 
both pp ^ e + MET + X and pp — > e^e~ + X channels (using SU(2) gauge invariance). 

As in Ref. [8], here our analysis is to lowest order (LO) in the QCD interactions. While 
QCD effects have a small impact on the transverse mass distribution [28j, their impact 
on the overall normalization (i^'-factor) and dilepton invariant mass distributions of the 
NP interactions are not known and affects our analysis at the order ag/vr. To maintain 
an analysis consistent to the same order in the QCD interactions, we therefore do not 
include a i^-factor in our projections of the background. For our analyses of existing data 
we use background estimates provided by the experimental collaborations. 

•^There is a typo in Eqs. (25-26) of Ref. [3T], where the definitions of the operators Oi and O2 should 
be interchanged. 
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4.1 The ^ e + MET + X channel 

This channel is directly related to beta decays, since the parton-level process is ud — )■ 
eiP. We will use the (cumulative) transverse mass distribution to put bounds on the 
non-standard interactions. Including the ly-exchange Standard Model contribution, to 
leading order (LO) in QCD the pp ^ eu + X cross-section for lepton transverse mass 
rriT = y^2E^E!^{l — cos A0e!/) greater than a threshold takes the following form|^ 



a[mT > rriT) = (Jw 
+ (yR 
+ (Jt 



I? |2 



(c)|2 



; |2 



; |2 



(4.1) 



where, defining r = rn^/ the individual contributions cTj (i G {VT, lyL, i?, S*, T}) read 



9w{t) 

9s{r) 
9t{t) 

L(t) 



1927r f 4 

'4 



dTL{T)^jT{T - t) gi{T) 



4t 



3 s2 



3 
1 

32 

y 



r - 



+ 



r2 m2 



4r/ 



1 - 



i Inr 



(4.2a) 
(4.2b) 

(4.2c) 

(4.2d) 
(4.2e) 
(4.2f) 

(4.2g) 



The various contributions to a{mT > ffiT) are plotted in Fig. [T] using the CTEQ6 set 
of parton distribution functions (PDF) in the MS scheme, referred to as CTEQ6M, 
evaluated at = 1 TeV^ [21]. In the Figure we see a clear hierarchy that determines 
the sensitivity to the different kind of new interactions: the NP couplings that appear 



multiplying aw in Eq- (4.1) will be essentially unconstrained by this analysis, since they 



do not have any enhancement with respect to the SM background, whereas for the rest of 



^The interference of (pseudo)scalar and tensor interactions vanishes after integration over the final 
leptons rapidities if the integration region is symmetric (under the exchange of both rapidities), as it 
happens in the absence of any cut. However experimental cuts break this symmetry (see later in this 
section) generating a residual contribution from these interference terms. We find the relative contribution 
to be numerically small. 
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Figure 1: Cross-sections introduced in Eq. (4.1 ) as a function of the cut on the transverse 



mass raTi for = 7 TeV. We see that in the entire plot range we have the hierarchy 



the NP couphngs we obtain strong bounds. One important feature emerging from Fig. [T] 
is that the SM term ow goes to zero faster than the rest of terms, thus implying that 
larger values of the transverse mass cut m-p increase the signal/background ratio. 

Writing a{mT > mx) = o'w + o'Npi^a), and using the current CMS and ATLAS results 
on pp — )• eu + X, one can put bounds on the couplings e^. For a given number of expected 
background events Ub and actually observed events n, the 90% C.L. upper bound on the 
number of NP signal events n"^ can be calculated using [9] 



0.10 



m=0 m! v''s 



up 



1 



(4.3) 



which implies aNP < K^eff L), where eg// represents the acceptance (ca) |^times the 
lepton detection efficiency factor [edet), and L is the integrated luminosity. 

We use for our study the most recent analysis of this channel published by the 
CMS Collaboration [30], with 5 fb~^ at y/s = 7 TeV. The observed and expected 
number of events above the chosen cut on the transverse mass, and the associated 
upper bound on NP signal events n^^, are given in Table [l] Also shown are analogous 
numbers based on 20 fb~^ of integrated luminosity at ^/s = 8 TeV. To make this 
projection we assume no events are detected. This is a reasonable assumption, since from 
a LO computation oipp — )■ W* — t- eu we expect ~ 0.3 background events for m-r = 2 TeV. 



^ For the processes that we are studying, CMS performs the following cuts on the rapidities y, y' of 
the charged leptons: (i) \y,y'\ < 2.5; (ii) \y,y'\ ^ (1.442, 1.560) (the transition region between barrel and 
endcaps); and for the dilepton search, in addition (iii) CMS rejects events in which both leptons are in 
the endcap regions. 
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Reference 


(TeV) 


£ (fb-i) 


niT (TeV) 


n 


rib 


n7 


LHC-7 


CMS I30j 


7 


5.0 


1.2 


3 


2.8 ± 1.0 


4.5 


LHC-8 


Projection 


8 


20 


2.0 





< 1 


2.3 



Table 1: Experimental data (real or expected) and cuts over the transverse mass used in 
our analysis of pp — )■ e + MET+X . n [uf,) is the number of observed (background) events, 
and n"^ is the 90% CL upper limit on the number of signal events. For the projection no 
events are assumed to be observed. 

The acceptance of the signal is set by the rapidity coverage of the detector and 
the kinematic cuts applied at the analysis-level. While the CMS analysis does have such 
additional cuts, to LO in the QCD interactions these have 100% acceptance on the signal, 
such that the acceptance is almost entirely given by the geometric acceptance e^eom of 
the lepton. We find a very high geometric acceptance, in the range 97-100% (the lowest 
value being associated with the tensor-induced cross-section ctt). The variance between 
interactions is at most a couple of percent, and the dependence on or y/s is mild. 
The reason for these features is simply because for such high values of the lepton is 
almost always central. 

Next, we infer from |30] a lepton detection efficiency of ~ 90%. Taken together, for 
our analysis we therefore use eg// ~ 0.87. It is worth noting that varying eeff through the 
range of 0.7 — 1.0, the NP bounds presented below are modified by only 0(20%), which 
is at the same level as the PDF and NLO QCD uncertainties. 





^S,P 




^S,P 
















LHC-7 
LHC-8 


1.3 X 10-2 2.9 X 10" 
0.9 X 10-2 2.2 X 10" 


'3 4.9 X 10-3 (-3.1, +8.0) X 10-3 
'3 3.4 X 10-3 (-2.5, +4.6) x 10-^ 



Table 2: LHC bounds (first row) and projected bounds (second row) at 90% C.L., on 
and li {i = S, P, T, R) at the renormalization scale /i = 2 GeV in the MS scheme using 
the information given in Table [1} 

Putting the above results together, the bounds on the different NP coefficients are 
given in Table |2] These results are obtained using the CTEQ6M parton distribution 
functions |29] at Q'^ = 1 TeV^. To estimate the uncertainty in these bounds arising 
from the parton distribution functions, we also used the MSTW2008 PDF sets [31J and 
obtained bounds that differ by 0(10%) from those presented in the Table [2j We also find 
comparable bounds from the the ATLAS 4.7 fb-^ e + MET + X analysis at ^/s = 7 TeV 
[32] . as well as from the CMS 3.7 fb-^ analysis at ^/s = 8 TeV [33] . 

Note that since collider searches set hmits on the effective couplings ej and q at the 
high renormalization scale fi = 1 TeV, a direct comparison with the low-energy con- 
straints requires an appropriate rescaling down to the hadronic scale. Using the one-loop 
anomalous dimensions for the different quark bilinears (see [3l] and references therein), 
the one- loop beta function for the strong coupling constant, and including the appropri- 
ate heavy quark thresholds, we find in the MS scheme es,p{l TeV)/es,p{2 GeV) = 0.56 
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Figure 2: Cross-sections Uu^d defined in Eq. (4.6) versus the cut niee over the dilepton 
invariant mass. 



and eril TeV)/eT{2 GeV) = 1.21, whereas eL,R are the same at both scales since the 
associated bihnears have zero anomalous dimension]^ These factors have already been 
taken into account in the results shown in Table IH 

These bounds have been obtained assuming contributions from one operator at a time 
and one might wonder about possible cancellations when several NP terms are present. 
For that matter, first of all one should notice that all the contributions to aNP are 
positive-definite, except for those generated by e^l''^\ where a negative contribution due 
to destructive interference with the SM amplitude (or among the NP terms) is possible. 
However, the constraints on these NP terms from LEP and CKM-unitarity tests are very 
strong: {e^^'"^] < 5 ■ 10"^ at 90% C.L. [IT], and this leaves room only for a very small 
negative contribution in cr^p, that would weaken our bounds on the other NP couplings 
at most by a few percent. 



4.2 The pp ^ e^e + X channel 



SU{2) gauge invariance implies that some of the 4-fermi operators (2.4) and vertex cor- 
rection operators (2.5) mediate the transitions qq — >■ e"'"e~ and/or qq {q = u,d). 
At the LHC the first transition contributes to the Drell-Yan process pp ^ ee + X, while 
the second one contributes to a mono-jet signal arising from the parton-level process 
qq uu + g. Because this parton-level process involves one additional perturbative ver- 
tex, we expect weaker bounds from the mono-jets searches, and focus therefore on the 
Drell-Yan process pp ^ ee + X. 



^The li couplings run under QCD in the same way as the 
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In what follows we additionally focus on those operators that involve a chirality-flip. 
Then the relevant interaction Lagrangian is given by 



NC 



— 5- eRCL didR H — crCl urUl + ^ eRa^^ei URa^" ul + h.c. , (4.4) 



where 5p_ 



\a 



t t 

ql 



V^]ii. These effective couplings 



6s±p,T differ from the couplings es±p,T that contribute to beta decays at low energy and 
PJ9 ez/ + X at the LHC. 

However a simple relation arises in the generic case in which (i) all aij are of the same 
order; (ii) the off-diagonal entries cui^j are suppressed compared to the diagonal entries: 



ep - es 



>p-s 



6 



ep + es 



p+s 



ud 



(4.5) 



Under these weak assumptions on the flavor structure of the new-physics couplings, we 
now use the Drell-Yan process to obtain bounds on ± ep and er- 

To leading order in strong interactions, the NP contribution to the cross-section for 
pp — )■ e~^e~ + X with di-lepton invariant mass ruee > reads 



(JNp{mee > mee) = 0"^ 



O'uA 



487r 



l^p+sl"^ + Y \St\ 



dr tLu4{t) 



p-s 



■ In T 



dyp /,(v^e^^)/,-(v^e 



(4.6a) 
(4.6b) 
(4.6c) 



In T 



where f = m^^/s. The (Ju,d{^ee) functions are shown in Fig. [2| using the CTEQ6M PDF 
set. 

Exactly in the same way as it was done for the pp — )■ eu channel in the previous 
section, we obtain bounds on the NP couplings 6a by requiring the number of NP signal 
events to be smaller than the 90% C.L. upper bound n^^, i.e. cnp < ^T/i^eff 
order to do that, we use results from the analysis of 5 fb~^ of dilepton data at y/s = 7 
TeV given by the CMS Collaboration The relevant data and details of their analysis 
are given in Table |3| 





Reference 




£ 


rriee 


n 


rib 


nY 


LHC-7 


CMS Coll. [33] 


7 TeV 


5.0 fb-i 


1.35 TeV 







2.3 


LHC-8 


Projection 


8 TeV 


20 fb-i 


2.0 TeV 





< 1 


2.3 



Table 3: Experimental data (real or expected) and cuts over the dilepton invariant mass 
used in our analyses of the pp — )■ e^e~ + X channel, n {rih) is the number of observed 
(background) events, and n^^ is the 90% CL upper limit on the number of signal events. 



Compared to the e + MET + X signature, here in the dilepton channel the geometric 
acceptances are lower, due to the reduced acceptance of the additional lepton compared 
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to the MET. For the scalar and pseduoscalar interactions we find at y/s = 7 TeV the 
geometric acceptance has a mild variation from ~ 87% — 90% as the cut on varies 
from 1 TeV to 1.6 TeV. The geometric acceptance of the tensor interaction is lower, and 
is almost constant at ~ 75% across the same mass range. We find that the efficiencies 
are essentially unchanged in moving from ^/s = 7 TeV to 8 TeV. Taking into account the 
dilepton detection efficiency of ~ 85% [33], we find eg// = 0.75 for the Ss±p interactions, 
and e^ff = 0.65 for the tensor interaction (see Table |4|. 



Using Eq. (4.5), we translate the bounds on Ss,p,t into bounds on es,p,T, assuming 
only one of these e's is non-zero at a given time. These results are shown in Table |4| 
Also shown are estimates of future bounds that could be obtained with 20 fb^^ data at 
y/s = 8 TeV. To obtain these results we used Pythia 8.1 EZ] to generate background 
pp ^ Y y ee + X events. Applying the rapidity selection cuts, a dilepton detection 

efficiency of 85%, and rriee > 2.0 TeV, we find ~0.2 background events expected with 20 
fb~^ of integrated luminosity. To obtain the projection for future bounds we therefore 
assumed that after all cuts no events will be detected. 

The limits we obtain from current dilepton data are stronger than those from the 
pp^ e + MET data. 





^det 


^geomiSs±p) 






^s,p\ 




LHC-7 


~ 0.85 


0.90 


0.75 


1.0 X 10-2 


1.3 X 10-3 


LHC-8 


0.85 (assumed) 


0.90 


0.75 


0.7 X 10^2 


0.9 X 10-3 



Table 4: LHC bounds (first row) and projected bounds (second row) at 90% CL. for 
the new physics couplings es,T,p at the renormalization scale fi = 2 GeV in the MS 
scheme, obtained from the pp — )■ e+e" + X channel, along with the detection efficiency 
and geometric acceptance. 



4.3 Discussion of LHC bounds 

We can summarize the results of this section as follows: 

(i) We have updated the bounds on es,T obtained from the pp ^ e + MET + X 
channel using 5 fb"^ of data (see Table [2]), improving by ~ 25% the bounds obtained 
with 1 fb-Mn Ref. [H|. 

(ii) We have extended this analysis to extract bounds on the other eight effective 
couplings ej and q that describe non-standard CC weak interactions. We show that for 
ep,5,T, ^p,s,T,R and e^l^ the current bounds from an analysis of the pp e + MET + 
X channel at the LHC are at the 0.1%-1% level (see Table [2|), whereas this search is 
essentially insensitive to the rest of couplings: ep, el and II- 

(iii) We have studied the impact oipp — )■ e'^e~ +X in constraining the couplings es,p,T- 
This analysis relies on the use of SU{2) gauge invariance and very weak assumptions 
about the fiavor structure of the theory. The resulting bounds on es,p,T are stronger than 
those obtained in the pp — )■ e + MET + X channel by a factor 1.3 and 2.3 for es.p and 
er respectively (compare Tables |2] and |4]) . 
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5 Conclusions 

In this work we have analyzed all the phenomenological handles on the effective couplings 
ei and q characterizing non-standard CC interactions. We have reviewed the limits on 
ej and from low energy experiments (nuclear and neutron /3 decays, CKM unitarity 
tests, pion decays, ...), and we have computed the bounds on the same couplings arising 
from LHC searches. This direct comparison relies on the assumption that the new physics 
mediating these new interactions arises at very high scale A > few TeV. Comparison of 
the best bounds available for each interaction from low- and high-energy experiments 
are shown in Tables [5] and |6j for the non-standard couplings involving left-handed and 
right-handed neutrinos, respectively. The main points can be summarized as follows: 

• For the pseudo-scalar couplings ep and ep the low-energy constraints from pion 
decay are at the 10~^ level, very hard to reach at the LHC in the near future. The 
same applies to the vector interactions e^^ and e^, for which the 90% C.L. 
bound from CKM-unitarity (and LEP physics) is 5 x 10~^; 

• For scalar and tensor interactions with left-handed neutrinos eg and e^, the low- 
energy experiments have been traditionally stronger, but the current LHC bounds 
have caught up and both probes are at the 10~^ and 10~^ level for and er respec- 
tively. In the next few years we expect improvements in the bounds from both the 
LHC and low-energy, through neutron [22l [231 1211 125] and ^He decay [26] measure- 
ments at the 0.1% level. These considerations imply that low-energy searches with 
10~^ sensitivity would have unmatched constraining potential, even in the LHC era. 

• For scalar and tensor interactions with right-handed neutrinos 1$ and e^, the LHC 
bounds are also at the 10~^ and 10~^ level respectively, significantly better than 
current and future low-energy limits (to match the LHC bound one needs measure- 
ments of the electron-neutrino correlation "a" in Gamow Teller transitions at the 
level of 5aGT/aGT ~ 0.01%) [) And the same conclusion applies to e/j, for which the 
LHC bound is 5 x 10~^ and no significant limit is available from low-energy probes; 

• The remaining coefficient II cannot be probed at such a strong level by any of the 
mentioned experiments. 

In conclusion, we have shown that by combining low-energy and LHC searches, a more 
complete and accurate picture of non-standard CC interactions emerges. As we discussed 
earlier, such a direct comparison is only possible if the new physics originates in the multi- 
TeV scale. The next natural question is: how robust are the above conclusions when the 
mediators of the new interactions are not heavy enough to be integrated out at LHC 

^Within a given NP model the ratio r(7r — ev)/V{'K — )■ jjLv) is likely to produce the strongest bound 
not only on ep and ep, but also on es,T and es,T, through their loop-induced contribution. However, as 
explained in Section |3] and Ref. [5], there is a loophole to this argument, because cancelations between 
different contributions can occur. For this reason in a general model-independent analysis the LHC 
provides the strongest constraint on ts,T- 
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1 






|ep| 






Low energy 


0.05 


0.05 


0.05 


0.06 


0.8 


0.1 


LHC (eu) 




(-0.3,+0.8) 




1.3 


1.3 


0.3 


LHC (e+e-) 








1.0 


1.0 


0.1 



Table 5: Summary of 90% CL bounds (in units of 10~^) on the non-standard couplings 
obtained from low-energy and LHC searches. In order to deduce the low-energy bound 
on the scalar coupling we used gs = 0.8(4) [S]. Using gs = 1.08(28) \101 would lead to 
the stronger bound \es\ < 0.4 x 10~^. 







|ep| 


|ep| 




er 


Low energy 


6 


6 


0.03 


14 


3.0 


LHC (ez/) 




0.5 


1.3 


1.3 


0.3 



Table 6: Summary of 90% CL bounds (in units of 10~^) on the non-standard couplings ia 
obtained from low-energy and LHC searches. In order to deduce the low-energy bounds 
on the scalar coupling we used gs = 0.8(4) and gr = 1.05(35) |8]. Using gs = 1.08(28) [10\ 
would lead to the stronger bound \es\ < 6.9 x 10^^. 

energies? In this case the EFT treatment of LHC data breaks down and the discussion 
becomes necessarily model-dependent. We leave investigations of explicit classes of models 
for future work. 
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